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Abstract 
In many cases different requirements for structural components exist, which cannot be fulfilled by a single material in an 
optimal way. Under such conditions, the use of different materials with suitable properties may be of avail. With regard to 
lightweight design CFRP (carbon fibre reinforced plastics) and aluminium alloys are a promising combination for the 
manufacturing of structural components. The researcher group "Schwarz-Silber" (FOR 1224), founded by the DFG 
(German Research-Foundation), investigates new interface structures for advanced CFRP-aluminium compounds in five 
interdisciplinary projects. In this paper the failure behaviour of titanium-wire connected CFRP-aluminium specimens 
under tensile loading is investigated. 
© 2013The Authors. Published by Elsevier Ltd. 
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1. Introduction 
In industrial application different requirements for structural components exist. For that reason, the use of 
different materials with suitable properties is possibly a solution, especially in cases where a single material 
cannot fulfil the demands in an optimal way. On the one hand, aluminium alloys are the favoured metallic 
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material to produce structural components with minimum weight [Barnes and Pashby, 2000; Brungs, 1997; 
Miller et al., 2000]. On the other hand CFRPs are being used more and more frequently as structural material 
due to their high specific strength and stiffness [Soutis, 2005; Walls and Crawford, 1995; Yanagimoto and 
Ikeuchi, 2012]. With regard to lightweight design, CFRP and aluminium alloys are therefore a promising 
combination for the manufacturing of hybrid structural components. These materials are joined conventionally 
by riveting [Di Franco et al., 2012] or adhesive bonding [Kwon and Lee, 1999; Ishii et al., 1999; Naghipour et 
al.; Rhee and Yang, 2003]. Usually these joining methods lead to a weakened region in the load path and a 
bulky design. The researcher group "Schwarz-Silber" (FOR 1224), founded by the DFG (German Research-
Foundation), investigates new interface structures for advanced CFRP-aluminium connections in five 
interdisciplinary projects. As displayed in Figure 1 textile, welding and casting techniques are considered to 
produce integral joints without the disadvantages mentioned above. As seam structures between the CFRP and 
the aluminium part titanium wires, titanium foils or glass fibres are used to avoid a direct contact between the 
two materials which might otherwise lead to contact corrosion. 
The aim of this paper is to describe the failure behaviour of titanium wires in a CFRP-aluminium transition 
structure under tensile loading. Due to the contact of the seam structures to the CFRP as well as to the 
aluminium part, each connection consists of two joining areas which may act as the weak point of the 
connection. Aiming at a lightweight design, the failure risks have to be distributed evenly among these points, 
and it is necessary to describe the different failure mechanisms of each joining area. In order to do so, the 
critical zones are characterized separately besides the entire connection. 
Wire concept Foil concept Fibre concept
Casting and textile techniquesWelding and adhesive 
techniques 
Welding, casting and textile 
techniques
Carbon fibre Glass fibre Titanium Aluminium Epoxy resin
 
Fig. 1. CFRP-aluminium transition structures investigated by the researcher group “Schwarz-Silber”  
2. Experimental 
In this investigation specimens of the wire concept were examined. The aluminium part was made of 
sheets of the alloy EN AW-6082 in heat treatment condition T6 with a minimum tensile strength of 310 MPa 
according to DIN EN 485-2:2009-01. Their thickness was 4 mm. The CFRP part was made of HTS40 carbon 
fibre rovings from the company Toho Tenax consisting of 24,000 filaments with a diameter of 7 μm each. 
They were infiltrated with resin Biresin CR81 from Sika Deutschland GmbH. For the connection of the CFRP 
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with the aluminium welding wire according to DIN 65471 with a diameter of 1 mm made of the titanium 
alloy Ti-6Al-4V was used in the condition as-drawn.  
The specimen manufacturing took place as follows: The titanium wire loops were joined with the 
aluminium sheets by laser beam welding at the Bremer Institut für angewandte Strahltechnik GmbH (BIAS). 
During this process the aluminium melts and wets the titanium wire which stays in a solid state. Detailed 
information concerning the laser beam welding process has already been published [Möller et al., 2010]. In 
this investigation the transition structure consists of two rows of titanium loops which were arranged parallel 
to each other but with an offset of half their width in seam direction. Further manufacturing steps have been 
carried out at the Faserinstitut Bremen e.V. (Fibre): One carbon fibre roving was wrapped around each 
titanium loop and positioned under a preload force. Subsequently, the rovings as well as the titanium 
transition structure were infiltrated under vacuum with resin. Two types of specimens differing in the number 
of titanium loops were tested (Figure 2): The first consists of three and the second one of five titanium loops 
in the transition structure. At an electro-mechanical test machine Z020 from Zwick/Roell the tensile tests were 
performed with a constant crossbeam speed of 0.5 mm/min. 
Beside the entire transition structure the titanium-aluminium joint was tested separately to receive detailed 
information about this connection zone. For this purpose extra specimens have been manufactured which 
consist of a single titanium wire joined with the aluminium sheet via laser beam welding. Their failure 
behaviour was tested at same conditions as described before. 
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Fig. 2.Sketch of the three- and five-loop specimens 
3. Results and discussion 
Load-elongation curves of the described connection structures with three and five titanium wire loops are 
displayed in Figure 3 a. All curves show a sudden decrease in force after an initial continuous increase. At the 
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failure point the resin cracks in the region of the titanium carbon fibre transition as displayed exemplarily in 
Figure 3 b. After cracking of the resin the titanium wires are exposed in this region and due to the missing 
support of the resin they elongate locally. They proceed elongating and the force increases again slightly until 
one of the loops fractures. At this moment the force decreases suddenly again. After the fracture of the first 
loop the test was stopped. 
0
1000
2000
3000
4000
5000
6000
7000
8000
9000
0 1 2 3
Fo
rc
e 
[N
]
Crosshead travel [mm]
Aluminium
Carbon fibre rovings
Titanium wires
Resin
Fractured wires
a) b)
three-loop specimen
five-loop specimen
 
Fig. 3. (a) Load-elongation curves of three- and five-loop wire connections; (b) Fractured wire connection with five loops  
At the five-loop connections the maximum tensile force was reached before the resin failed. The force at 
fracture of the first failing titanium loop was lower than the tensile force at resin fracture. While the tensile 
forces at resin fracture show a strong scatter those at titanium fracture are nearly identical. The three-loop 
connections show scattering tensile forces at resin fracture and nearly identical tensile forces at titanium 
fracture as the five-loop specimens. For two specimens the maximum tensile force was reached at resin 
fracture, as it was the case for the five-loop specimens. However, for three specimens the maximum tensile 
force was reached at the titanium loop fracture. 
A special failure behaviour occurred in a five-loop connection which is displayed grey dashed in 
Figure 3 a: Parallel to the resin several titanium loops fractured at the same time which caused the strongest 
force decrease of all specimens. No other specimen shows a wire fracture during the resin fracture. 
For an accurate comparison the mean values and standard deviations of maximum tensile force, tensile 
force at resin fracture and tensile force at titanium fracture normalized to one titanium loop are displayed in 
Table 1. Normalized to one loop, the five-loop specimens achieved a 25 % higher maximum tensile force than 
the three-loop specimens. However, the normalized tensile force at titanium fracture is for both variants 
nearly identical. Hence, the differences in the achieved normalized maximum tensile loads are caused by the 
failure behaviour of the resin: At the three-loop specimens the resin fractured normalized to one loop at 28 % 
lower loads than in the five-loop specimens. An explanation for this could be the arrangement of the titanium 
loops in the transition structure: In both cases the loops are arranged in two rows which are positioned in front 
of and behind the specimen’s centre. Due to the odd number of loops additional bending loads are supposed to 
occur in the transition structure. Since the three-loop specimens have 2 front loops and 1 back loop whereas in 
the five-loop specimens this ratio is 3:2 the bending load in three-loop specimens is probably higher than in 
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the five-loop specimens, and leads to a fracture of the brittle resin in the three-loop specimens at lower total 
loads. Compared to the resin the titanium wires have ductile failure behaviour, which is due to the material 
properties and the loop geometry. Hence, the assumed different bending loads in the three- and five-loop 
structure show no influence on the normalized tensile force of titanium fracture. 
Table 1. Maximum tensile force, tensile force at resin fracture and tensile force at titanium fracture normalized to one loop of the three- 
and five-loop transition structures 
Specimen type Maximum tensile force 
normalized to one loop 
[N] 
Tensile force at resin 
fracture normalized to 
one loop [N] 
Tensile force at titanium 
fracture normalized to one 
loop [N] 
3-loop transition structure 1188 ± 151 1078 ± 235 1114 ± 31 
5-loop transition structure 1489 ± 178 1489 ± 178 1135 ± 20 
 
Since all specimens fractured at the titanium-CFRP transition no information is available about the fracture 
behaviour and the fracture loads of the titanium-aluminium transition. In order to receive this information 
titanium-aluminium joints were manufactured separately and investigated by tensile tests. At this point it has 
to be mentioned that titanium-aluminium joints consisting of titanium loops embedded in a resin matrix could 
not be tested because of unsuitable clamping possibilities. As substitute straight titanium wires welded into 
the aluminium sheet were tested without resin. Load-elongation curves of this connection are displayed in 
Figure 4 a showing a typical shape known from metals. In all specimens plastic flow starts at nearly the same 
force and the maximum forces scatter little as well. The fracture behaviour is identical for all titanium-
aluminium connections. As displayed exemplarily in Figure 4 b the titanium wire and not the titanium-
aluminium connection is the weak point of the specimens. The high distance of the titanium fracture which 
ranges from 25 to 77 mm from the welding zone indicates, that the wire does not fracture in the heat affected 
zone. Hence, the measured maximum force of the joints depends on the tensile strength of the titanium wires 
which is1035 ± 8 MPa based on the results shown. This implies that the loading capacity of the titanium-
aluminium joint is limited by the strength of the titanium wires. In addition it has to be taken into account that 
the entire CFRP-aluminium connection is embedded in resin which has a supporting effect on the aluminium-
titanium transition which is neglected in this investigation.  
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Fig. 4. (a) Load-elongation diagrams of titanium-aluminium connections; (b) Fractured titanium-aluminium connection  
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With regard to lightweight design the transition structure has to be dimensioned in a way that the failure 
probability is evenly distributed in all its regions. Missing this target would cause local oversizing. A measure 
for this is the ratio of the load to the local load capacities which will be addressed as utilisation level.  
As shown in Figure 3 b the titanium carbon fibre transition is the weak point of the structure. Therefore all 
sections of the joint are maximally loaded with the fracture load of the titanium carbon fibre connection. 
Consequently, the utilisation level of the titanium carbon fibre transition is 1. Based on the tensile tests at the 
titanium-aluminium joints the utilisation level of this transition area can be calculated: The strength of the 
titanium wire limits the load capacity of the titanium-aluminium connection. Since one loop consists of two 
welded wires the load capacity of one loop is twice the fracture load of the titanium-aluminium connection 
displayed in Figure 4. Hence, the load capacity of one loop at the titanium-aluminium transition is 1692 N. 
With this information the utilisation level of the titanium-aluminium transition in the three- and five-loop 
specimens can be calculated as 0.70 and 0.88, respectively. So, the strength of the titanium-aluminium 
connection is better utilised in the five-loop specimens than in the three-loop specimens. Due to the disregard 
of the supporting effect of the resin the actual utilisation of the titanium-aluminium connection is even lower 
for both specimen types. 
For a higher utilisation of this connection the titanium carbon fibre joint has to be improved: On the one 
hand specimens with an even number of loops should be investigated to avoid bending loads in two-rowed 
joints. On the other hand the titanium carbon fibre connection has to be newly designed to achieve higher 
maximum loads in this region. An evenly designed transition structure with nearly identical utilisation levels 
is optimal with regard to lightweight design. A further benefit would be that the actual load capacity of the 
titanium-aluminium transition embedded in resin could be determined at the entire transition structure. 
The investigated two-rowed transition structures with three and five titanium loops have a balanced 
utilisation level if the aluminium sheets have a thickness of 0.11, respectively 0.14 mm. For introducing the 
titanium wires an aluminium thickness of 4 mm is needed. That means next to the joining area the aluminium 
sheets must be thickened by a factor 36 or 29 to build a joining area with sufficient strength. A similar 
situation can be found at the CFRP side. For industrial applications, however, transitions structures with 
higher load capacities are needed, which are suitable for thicker sheets. So, from this point of view the entire 
transition structure has to be newly designed. 
4. Conclusions 
Lightweight transition structures for CFRP-aluminium joints are investigated by the researcher group 
“Schwarz-Silber”. At tensile tests the two-rowed titanium loop seam structure showed its weak point at the 
carbon fibre titanium transition. All specimens showed a titanium wire failure next to the carbon fibre after 
the resin cracked in this position. At the same time the titanium-aluminium joint reached only 70 to 88 % of 
its load capacity even if the supporting effect of the resin was neglected. In view of lightweight design the 
titanium-aluminium and the titanium carbon fibre joints must be modified to reach about the same utilisation 
level in both zones. In the present state the two-rowed transition structure is suitable for aluminium sheets 
with a thickness of slightly more than 0.1 mm. To open this joining technology to thicker sheets which are 
needed in industrial applications, transition structures with considerably more rows have to be investigated. 
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